Abstract. In the framework of paraxial approximation we consider evolution of a monochromatic Gaussian beam diffracted by a corner formed by three verges of the phase wedges of different types and the  -phase plate. We have found that the edges of the phase wedge generate macroscopic chains of identical optical vortices that disappear at the far field zone. At the same time, the  -phase plate can reproduce a very complex wave field whose structure depends on the scale of observation. At large scales there appear two  -cuts resembling broken edge dislocations with perpendicular directions. At small (some microns) scales two short vortex chains consisting of alternating-sign optical vortices are nucleated near the corner of the wedge. The analysis shows that the sizes of the chains decrease quickly when approaching the wedge surface. This enables us to assume that the  -phase plate can create so-called optical quarks in the evanescent waves of the edge field.
Introduction
It is well known [1] that the diffraction process reproduces geometry of the edges of obstacle that scatters incident monochromatic beam. For example, a straight edge of a slab-sided phase plate begets a set of rectilinear diffracted maxima and minima parallel to the edge. However, even a very small disturbance of slab-sidedness leads inevitably to breaking the former symmetry down. There appears a new, hidden symmetry of the diffracted field, structural sells of which are optical vortices. Indeed, a slab-sided phase plane turns into a phase wedge, while the rectilinear diffracted maxima and minima are transformed into chains of optical vortices along the wedge brink [2] [3] [4] . The nature of such threaded vortex structure is rather simple. The brink of the wedge tears the wavefront out, whereas the slope of the wedge medium entails smooth phase changing. If we go around some axis perpendicular to the wedge base, though passing through the wedge brink along a closed contour, we will find that the phase incursion can reach the value 2 at a definite contour radius. This is a necessary condition for nucleating an optical vortex with an integer topological charge at the corresponding site of the wavefront in the propagating beam. Since the extension of the wavefront is much larger than the wavelength of the incident light, a whole chain of identical optical vortices will spring up at the wave zone of the diffracted beam.
Generally speaking, the phase wedge can be treated as an involute of a spiral phase plate [2] for generating optical vortices. However, such an involute presupposes a presence of all four edges of the wedge. It is these edges that bring additional perturbations into the symmetry of the dif-fracted beams in the shape of hidden chains of the optical vortices. As a rule, such additional vortex chains can stretch over comparatively short lengths (several wavelengths), being got lost in the general diffraction pattern.
However, sometimes they come to the foreground, breaking the basic diffraction pattern down. This takes place, e.g., when the optical vortices with fractional topological charges are generated. Some fragments of this phenomenon have been considered by Berry [5] on the example of a spiral wave plate with a fractional topological charge. The fact is that the spiral phase plate with the phase step being equal to a multiple of 2 is intended for shaping integer-order optical vortices [6] . It would have been logical to assume that the spiral phase plate could generate the fractional-order optical vortices. As far back as in 1995 Soskin has shown [7] that computer-generated optical vortices can bear fractional topological charges, though remaining structurally unstable, while Berry [6] has described destruction of the fractional-order vortices into chains of integerorder optical vortices in the Gaussian beam evolving in the free space. Recently it has been shown that the phase singularities can nevertheless exist at sufficiently large distances in so-called errorfunction beams [8] .
The aim of the present study is to trace the evolution of the vortex chains in the beam diffracted by the edges of the optical wedge, including the angles of slab-sided phase plates, which originate from nucleation of the fractional-order optical vortices.
Gaussian beam diffracted by the phase wedge
Let us consider a monochromatic Gaussian beam passing through a transparent dielectric phase wedge (with the refractive index w n ) lodged in a vacuum as shown in Fig. 1a , b and c. The phase wedge is characterised by the two angles  and  and the basic height h . The axis of the Gaussian beam is directed along the verge of the wedge. The field diffracted by the wedge can be described in the paraxial approximation in terms of the Fresnel diffractive integral [1] :
where A is a constant, k stands for the wavenumber in the free space, and x and y are the transverse coordinates at the observation plane. The field 0  an the initial plane 0 z  may be written as
where 0 w stands for the beam waist at the plane z = 0, and  and  are the slope angles of the wedge sides along the x and y axes, respectively.
After integration we obtain 
where A is constant, 
Eq. (5) shows that we deal in fact with five principal waves: two waves are reflected by the wedge along the x and y directions, one of them passes through the free space, and the remaining two are boundary waves diffracted by the two wedge brinks. Typical diffraction patterns for different wedges (see Fig. 1a , b and c) are shown in Fig. 2 and Fig. 3 . Far from the verge of the wedge (at 0 x y   ), the diffraction pattern is shaped by only three waves: a free propagating wave, a reflected one, and a boundary wave diffracted by the wedge brink (at either 0 x  or 0 y  ). We observe here two sets of identical optical vortices along the brinks of the wedge. The principal condition for shaping a vortex is that the pass-by along a circle of radius 0 r around the vortex axis must get the phase incursion equal to 2 [2] . In fact, the boundary wave forms a set of parallel lines of equal phases and amplitudes. The two other waves also form a set of such lines which are inclined at some angle with respect to the first ones. The vortex is nucleated when the amplitudes of these two wave combinations are the same and the phase difference is equal to  . However, the mutual tilt of the equiphase lines results in perturbing the vortex form, the vortex becoming the elliptical one. In order to flatten the vortex shape, the radius 0 r of the pass-by and the beam waist radius 0 w are to be equal to each other [3] . The structure of the beam field near the verge (at 0 x y   ) is defined by the phase  and the signs of the angles  and  (see the framed patterns in Fig. 2 and Fig. 3 ). This may be repre-
where we have used the approximation Propagation of the beam is accompanied by essential perturbation of diffraction pattern shown in Fig. 4 . If we observe the vortex chains along the brinks x and y (see Fig. 4 ; z = 1 mm) at the wave zone, then the vortex chains vanish at the far field (see Fig. 4 ; z = 5 mm and z = 10 cm). At the same time, there appears an additional diffractive image of the wedge in the upper right corner. Such an additional image is shaped by the two principal reflected waves (there is no free propagating wave there). On the other hand, two boundary waves forms the pattern of short, strongly perturbed chains of optical vortices in the vicinity of the verge (x = y = 0) in the lowest pattern. 
where the relation    is assumed (i.e., we will deal with the  -phase plate later on). We obtain   
. (9) A typical pattern for the Gaussian beam diffracted by the verge 0 x y   of the  -phase plate is shown in Fig. 5 . It seems at the first glance that the black lines along the brinks 0 x  and 0 y  of the plate are two broken edge dislocations with orthogonal directions and the origin located at the point 0 x y   . However, the beam field at a small scale (see the framed pictures in When the beam is propagating, the singular structure does not change, as shown in Fig. 6 . The observable variations of the field structure for the evolving beam are due to changing transverse field scale, whereas the solid angle of the beam divergence remains constant. In contrast to the phase wedge, near the axis of the  -phase plate we observe a structurally stable topological dipole consisting of two oppositely charged optical vortices. The field structure of such a wave construction is shown in Fig. 7 . One can notice that the study [11] has presented simple experimental results for the Gaussian beam diffracted by the  -phase plate. 
Composite phase plate
As shown above, the  -phase plate introduces two perpendicular cuts in the initial wavefront. However, this device cannot make only one  -cut in the beam, though such an operation can be performed by a composite slab-sided phase plates shown in Fig. 1d . In this case Eq. (5) may be reconstructed to the following form: 
where j j k h   and 1, 2,3, 4 j  .
The phase sequence j  enables us to construct a wished shape of the combined phase plate.
For example, the sequence 1 / 2    , 2 0   , 3 2   and 4    makes only one  -cut in the initial wavefront. The corresponding field structure is illustrated by Fig. 8a . Here we have again a semblance of the broken edge dislocation at a large scale. However, a likeness of the re-stricted edge dislocation turns into a short chain of optical vortices at smaller scales. The singly charged optical vortices are positioned near the beam axis. Recently Volyar [12] has suggested an unusual wave construction in the form of a so-called optical quark. Such a beam can carry over an optical vortex with half-integer charge at the end of the broken edge dislocation. A sum of two quarks with the same signs of their topological indices but different parities can form singular beams with integer-order optical vortices, while the difference of these quarks form non-singular beams. A possible phase device for shaping such an optical quark may have the phase sequence 1 /
. The field distribution at a large scale has much to do with the optical quark (see Fig. 8b ), but the field looks different at small scales. We meet again a very short vortex chain ( 20 μm lengthwise at 100 μm z  ) with the singly charged optical vortex at the end, the vortex being shifted with respect to the beam axis. The spatial evolution of the quark-like beam is shown in Fig. 9 . As the beam propagates, the field structure is essentially reconstructed. The distance between optical vortices in the chain increases whereas the number of the visible vortices decreases. In order to find the optimal conditions for shaping the optical quarks, it is necessary to analyse the structure of the vortex chain.
Structure of the vortex chain
Let us estimate the size of the vortex chain and the distance between the neighbouring vortices. A typical pattern of phase distribution in the vortex chain behind the  -phase plate is shown in Fig. 10 . The positions of the vortex and the distances between them depend strongly on the position z of the observation plane. Nucleation of vortices in the chain is defined by the superposition edge waves diffracted by the x and y edges. The equiphase lines in Fig. 10 The shape of oscillations of the curve depicted in Fig. 11 means that the error function should be written in terms of trigonometric functions. Let us now separate the real and imaginary parts of that function. The corresponding relation is as follows [9] : Rapid shortening of the length of the vortex chain at the edges of the  -phase plate with increasing distance to the observation plane / l z k  enables us to assume that the vortex chains would vanish at the near-field zone in the vicinity of the edges. In its turn, it also enables us to suppose that the optical quarks [12] can exist at the near-field zone, at least in the evanescent waves. However, a consistent analysis of this problem needs absolutely different physical approaches which go far beyond the scope of our present consideration.
Conclusions
In this study we have considered the evolution of the monochromatic Gaussian beam diffracted by the corner formed by three verges of the phase wedges of different types, using the paraxial approximation. When the angles of the wedge are zero, we deal with the ordinary phase plate. The structure of the diffracted field is strongly determined by the scale and the position of observer. As a rule, all types of the wedges produce chains of the identical optical vortices in the wave zone stretching along their edges. However, the properties of the optical vortex being nucleated near the wedge angle depend on the wedge parameters. The vortex chains disappear at the far-field zone, while a restricted set of the vortices near the wedge angle experiences essential perturbations. The fact is that the vortex pattern can be treated as a superposition of five principal local waves: the two waves reflected by the upper surface of the wedge, the free propagating wave, and the two edge waves diffracted by the wedge brinks. At the far-field zone, the two reflected waves form a separate lateral picture and do not take place in shaping the basic pattern, whereas the deformed angular vortex pattern inside the basic pattern is shaped by the two edge waves and the freely propagating local beam.
An altogether different situation occurs for the beam diffracted by the phase plate introducing the  -phase difference between the portions of the beam. At large scales we observe the field with two restricted  -cuts resembling two broken edge dislocations, with the perpendicular directions connected at the beam axis. However, at small scales (of the order of some microns) there appear short vortex chains along the wedge edges, with the singly charged optical vortices of alternating signs. A structurally stable topological dipole is observed at the wedge corner, of which shape does not change along the beam length. We have also analysed the field with only one 'broken edge dislocation', with the short vortex chain inside of it produced by the combined phase plate. The analysis of the chain structure has testified that the size of the chain is proportional to the square root of the distance from the wedge. When approaching the wedge, the chain length decreases very quickly and tends to zero. This circumstance makes reasonable the assumption that the corner of the  -phase plate may produce the so-called optical quarks in the evanescent waves.
